The survival probability of solitons diffusing on a one-dimensional lattice with traps is studied numerically. The solitons are assumed to collapse once they collide with one another or reach the traps. It turns out that as the density of the traps increases the decay profile tends to change into an exponential-like form from the extremely nonexponential one specific to the geminate recombination on a trap-free lattice. The randomness of the distance between adjacent traps, as well as the disorder of the intersite energy barriers for the hopping motion of solitons, functions to reduce the deviation of the decay profile from the case of the trap-free lattice. Our calculation reproduces the temperature-dependent decay profiles of the photoinduced neutral solitons observed recently in an MX-chain compound {[Pt(en) 2 ][Pt(en) 2 Cl 2 ]} 3 (CuCl 4 ) 4 ·12H 2 O well. It is suggested that the traps are located at every 7 to 8 segments of the lattice and the height of energy barriers is irregular to some extent. The periodicity of the valence of Cu ions is discussed on the basis of this result.
Introduction
In conjugate polymers such as trans-polyacetylene 1, 2) and quasione-dimensional halogen-bridged mixed-valence metal complexes which are often called MX-chain compounds [3] [4] [5] , soliton and antisoliton pairs can be created by the interband optical excitation of electron-hole pairs or charge-transfer excitons. For the last several decades, the problems how unequilibrated states survive or disappear and how their distribution changes with time have attracted much attention because of their unique, nonlinear transient properties. Indeed, dynamics of nonlinear dissipation of nonequilibrium quasiparticles states is a basic, important subject of physics and chemistry. 6 ) Therefore many studies have been accumulated so far, particularly on the survival probability of random walkers executing the geminate coalescence on a one-dimensional medium.
Torney and McConnell (hereafter abbreviated as TM) have derived the exact solution for the first time for the diffusion-limited reaction in an infinitely long continuum medium. 7) Placing nonequilibrium particles randomly in the medium as the initial condition, TM have
shown that the survival probability of a particle is given by S
where signifies the complimentary error function x erfc x erf 1 − and ζ is the dimension-less variable defined as ,
with the initial density of particles , the diffusion coefficient of particles and time t after the start of reaction. The nonlinearity of the reaction manifests itself in the fact that depends on . 
where is the lattice constant and is the hopping rate of a particle between consecutive lattice sites. It is worth stressing that . This is because in a continuum medium there exist particles almost contacting each other even at 0 = t , while in a discrete medium a waiting time is needed for particles residing on consecutive sites to collide with each other. Apart from this difference in the initial behavior, the two theories yield the same the gross feature of the decay profile of nonequilibrium particles. Since proximal particle pairs react earlier than others, more isolated particles survive for a longer time. Consequently, exhibits a strikingly nonexponential time evolution.
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These theoretical works have been successfully applied to the interpretation of the experimental results on long-lived solitons in MX-chain compounds. 9, 10) (1) and (3). It lasts longer than 10 min even at room temperature. From the temperature dependence of the decay profile, the photoinduced solitons are suggested to execute a thermally activated random walk jumping over the energy barriers with the height of 0.4-0.5 eV. These large barrier height and the long life time have led Kuroda and coworkers to conceive that there might be some local disorders serving as energy barriers which physically divide Pt-Cl chains into segments and that there should be a relaxation mechanism for the photogenerated charge-transfer excitons to decompose into solitons and antisolitons separately in different segments. 11, 12) It has been found further that solitons may survive much longer if the energy barriers are irregular. 11) According to a numerical simulation within the framework of the aforementioned situation of Pt-Cl chains, as the irregularity of the energy barriers evolves, is transformed into the stretched exponential form
where
ζ is a constant, in agreement with the empirical knowledge [15] [16] [17] [18] that the decay profiles of nonequilibrium states in disordered systems often have a form of the stretched exponential function. If the Gaussian distribution is assumed for the height of energy barriers, the value of the argument β decreases from 0.43 to 0.35-0.25 as the Gaussian width increases from 0 to 0.1 eV. It has been confirmed also that if β is adjusted eq. (4) is not necessarily an appropriate condition for the CuCl 4 · H 2 O salt since the traps could be originated for some reasons relating to the crystal structure. 23, 24) Nevertheless, to the authors' knowledge, no studies on the collaboration between geminate recombination and trapped annihilation under arbitrary conditions have been conducted to date.
In the present work we investigate the kinetics of nonequilibrium particles on the one-dimensional lattice with traps by numerical simulation. The initial number of particles, the density of the traps and the degree of the disorder of the barrier height are chosen arbitrary.
The calculation procedure is described in the next section. In §3, the dependence of the decay profile on the disorder of the arrangement of traps is studied. The results of the simulation of the experimental data and discussions about the search for optimum parameters are also presented in §3.
Calculation Procedure
Our numerical calculation targets the neutral solitons walking randomly on a one-dimensional lattice, jumping over the energy barriers as schematized in Fig In a real crystal, a segment consists of one or more lattice sites, if the energy barrier originates in defects. However, here, we treat one segment as one lattice site since a soliton is considered to move very rapidly in a segment compared with its velocity that is controlled by energy barriers and there exists no essential difference in calculation. In this case, the energy barrier is put at each intersite of the lattice as illustrated in Fig. 1 (b) . In an argument on the kinetics of solitons, this treatment does not cause loss of generality. It reduces the computation time and is expected to actualize the local properties of the lattice. Here, we are noting for the following discussion that one or more segments exist in a region between adjacent traps on the lattice.
The simulation is carried out with respect to a lattice ring comprised of sites as the standard model and it is elongated to sites if necessary. In order to handle the lattice with a disorder, we introduce the Gaussian distribution with the width of σ onto the height E of the energy barrier as follows:
where is the mean height of
Solitons hop from a site to neighboring sites across the barriers at the rate
where , and 
Result and Discussion

Effect of trap
Figures 2 (a) and (b) show typical simulated decay curves at 200, 240 and 300 K as functions of ζ for the cases of uniformly arranged traps and randomly distributed ones, respectively. Here, the trap density to the number of lattice sites is set to be 0.1 and the initial density of solitons is selected to be 0.02.
In each figure, the curve labeled SN is the survival probability on an ordered trap-free lattice, for comparison. When particles repeat arbitrary hopping to the right or left nearest neighbor site on a one-dimensional ordered lattice, the probability that any of the particles meets another particle and results in pair annihilation is proportional to and . Hence, SN converges on a single curve independent of and
The survival probability on a disordered lattice (labeled σ = 0.05 eV) with traps decreases faster than that given by SN. It is considered that this fast decay is caused with the trap, because the soliton survives much longer when the irregularity of barriers increases on a trap-free lattice. The mean diffusion coefficient of this disordered lattice is estimated to be . The increase of the mean diffusion coefficient with elevating temperature is reduced due to the factor that decreases by an order of magnitude upon the temperature change from 200 K to 300 K. The spreading of these curves is caused by this reduction, regardless of the existence of traps.
For an ordered lattice (labeled σ = 0 eV), the decay curves converge on a single curve, although the traps exist. The survival probability on an ordered lattice decreases further faster than that on a disordered lattice. In particular, it is notable that these decay curves seem to approach an exponential-like form by introducing the uniformly arranged traps. On the contrary, the randomly distributed traps do not transform the decay form into an exponential-like one. Additionally, the uniformly arranged traps contribute to the decay more than the randomly located ones.
In order to quantify the similarity of simulated to an exponential form, we have obtained the best fit of the stretched exponential function to the simulated at 300 K. The value of (open circles) for randomly distributed tarps is reduced to some extent by the disorder, although its dependency on the trap density is similar to the case of an ordered lattice.
Comparison with experiment
Here, we introduce a certain index in order to quantitatively evaluate the extent to which a simulated decay curve approaches or is congruent with the experimental decay one, paying attention to the difference between the areas of the regions which are encircled with the respective decay curves and the axes of a Cartesian coordinates of and . We call it "congruity" expediently, though the difference of the areas rather signifies the dissimilarity.
The smaller the congruity is, the larger the level of congruence is. The area of the region is calculated by employing quadrature by parts. Furthermore, we introduce a conversion ratio t ) (t S r (s/step) of a simulation step to the real time as a parameter in order to attain the best congruity.
When we seek the best conversion ratio r that minimizes the congruity, it is necessary to minimize the difference in these areas at each temperature at the same value of r . Hence, we define the congruity as the least square sum of the difference in the areas of these curves at each temperature. The best value of r is sought scanning the calculation parameters of This report has suggested that this change is not due to the structural phase transition. Tables I and II have been used. From this figure, it appears that the traps exist at every 7 or 8 sites along the lattice chain in the temperature ranges of and , respectively. However, it is considered that this difference in the periodicities of traps between and is not intrinsic to the lattice but arises due to the error margin of the experimental data, since it is noisy for and is few for . Adopting 8 sites as the trap period for both temperature ranges, the simulated survival probability that best reproduces the experimental result at each temperature is given by the solid lines in Figs. 4 (a) and (b) . 
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There remains slightly a tendency to decay fast at an early stage and to decay slowly at a later stage in the reproduced decay curve compared with the experimental one. However, it is considered that this tendency is reduced if the accuracy of the experimental data is higher.
A segment corresponds to a lattice site in our model. Therefore, it should be said that traps are located periodically at 7 to 8 segments as for the calculation result. The removal of solitons by traps can be interpreted as follows: The lattice is substantially subdivided into short lattices at the sites with traps and solitons are eliminated at the cutting edges of the shortened lattices. We call a piece of this shortened lattice a fragment here in order to distinguish it from the segment which is a lattice area partitioned by energy barriers. Accordingly, to set the traps at every 7 to 8 segments is equivalent to chopping the lattice into short fragments that consist of segments of the same number.
From the fact that the periodically arranged traps can reproduce the experimental result well, it is natural to consider that tarps are generated due to some aspect related to the periodicity of MX-chain structure. ions in the counterion. 23, 24) If the elimination is due to the paramagnetic ion, it chops the main chain and/or the sub chain into short fragments. Our result strongly suggests the periodicity. However, the number of lattice sites included in a segment is not necessarily uniform. If the periodicity of the crystal structure is reflected in the distribution of the paramagnetic ions, it is supposed that the distance between the adjacent paramagnetic ions is uniform. It makes the number of lattice sites included in a segment uniform, because the fragments consist of the segments of the same number.
The more discussion for the origin of the tarp is further issues that need to be addressed because information for this problem is hardly provided for us until now.
This chopping the lattice into fragments does not contradict the long-range order of the lattice chain having a periodic structure.
The trap density is 0.125 if the trap period comprises 8 sites. It is larger than the soliton density, which is selected to be 0.02 as the optimum initial condition. This implies that the probability of the elimination of solitons by traps is predominant compared with that by pair annihilation. However, the process of pair annihilation is not weakened in this condition and still contributes to the decay. It is confirmed from the fact that the computation result changes and the reproducibility degrades when and 
Conclusions
In conclusion, we have numerically investigated the composite decay of diffusion-controlled nonequilibrium neutral solitons on a one-dimensional lattice. The composite decay involves the elimination of unpaired solitons by traps and the geminate recombination of solitons. As the density of traps increases, the decay profile approaches an exponential-like form from the extremely nonexponential one specific to the geminate recombination on a trap-free lattice. The randomness in the trap period, as well as the disorder of the intersite energy barriers for hopping motion of solitons, reduces this change of the decay profile. 
